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Abstract: The effect of the protein environment on the for-
mation and stabilization of an elusive catalytically active
polyoxometalate (POM) species, K6[Hf(a2-P2W17O61)] (1), is re-
ported. In the co-crystal of hen egg-white lysozyme (HEWL)
with 1, the catalytically active monomeric species is ob-
served, originating from the dimeric 1:2 POM form, while it
is intrinsically unstable under physiological pH conditions.
The protein-assisted dissociation of the dimeric POM was ra-
tionalized by means of DFT calculations. The dissociation
process is unfavorable in bulk water, but becomes favorable
in the protein–POM complex due to the low dielectric re-
sponse at the protein surface. The crystal structure shows
that the monomeric form is stabilized by electrostatic and
water-mediated hydrogen bonding interactions with the
protein. It interacts at three distinct sites, close to the aspar-
tate-containing hydrolysis sites, demonstrating high selectivi-
ty towards peptide bonds containing this residue.
Introduction
Polyoxometalates (POMs) represent a large group of metal-
based oxygen clusters, which, due to their diverse structural
properties, solubility, redox potential and charge density, have
a wide range of applications in various fields such as heteroge-
neous catalysis, material science and medicine.[1] Many POMs
have been also shown to display antibacterial and broad-spec-
trum antiviral properties when applied to cell cultures.[2] This
biological activity is often related to the large size, three-di-
mensional shape and high negative charge of POMs, which
allows for specific interactions with protein surfaces.[3]
In light of the ever-growing number of papers reporting the
biological activity of POMs a number of studies have been per-
formed to elucidate the effects of POM binding on protein
structure.[2,4] Influence of POMs on the structure or function of
different proteins including hen egg white lysozyme (HEWL),[5]
human serum albumin (HSA)[6] Bovine serum albumin (BSA),[6e]
horse heart myoglobin (HHM)[7] and Na+/K+-ATPase[8] among
others, have been studied in solution by a range of spectro-
scopic techniques. These interaction studies have shown that
although bonding mechanism of POMs to proteins is mainly
electrostatic in nature, other factors such as their size, polarity
and the nature of imbedded metal also play an important role.
A recent molecular dynamics simulations study that examined
interactions between the metal-substituted POMs and HEWL
confirmed that POMs mainly interact with the side chains of
the positively charged and the polar uncharged residues via
electrostatic and hydrogen bonding interactions.[3b] However,
the affinity towards the protein was also influenced by POM
hydrophilicity and the right size and shape of POM, which ena-
bled efficient interaction with several residues simultaneously.
The affinity of POMs towards proteins has been further exploit-
ed in protein crystallography, as their binding to positively
charged protein surface patches is able to rigidify parts of the
protein which are otherwise very flexible and thus hinder crys-
tal formation.[4,9] Moreover, POMs are comprised of heavy
metals, which make them ideal molecules for solving the
phase problem in protein crystallography. More than 30 pro-
tein structures with incorporated POMs have been reported in
the protein data bank (PDB), and they have been analyzed in
detail in a recent review.[4a]
More recently, the selective binding of POMs at specific pro-
tein surfaces in combination with the ability of Lewis acid
metals to catalyse hydrolysis of peptide bonds has been used
to create a novel class of artificial peptidases.[10] By imbedding
a strongly Lewis acid metal ion such as ZrIV and CeIV into lacu-
nary POMs, selective hydrolysis of a range of different proteins
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has been achieved.[10f, 11] Kinetic studies have shown that ZrIV
substituted POMs of Keggin, Wells–Dawson and Lindquist type
are all active catalysts for the hydrolysis of human serum albu-
min, insulin chain B and horse heart myoglobin, but their effi-
ciency depended on the type of POM structure into which ZrIV
ion was imbedded.[11b] Interestingly, recent examples have
shown that the type of imbedded metal ion influences selec-
tivity of hydrolysis as the CeIV-Keggin and ZrIV-Keggin POMs, do
not cleave the same bonds in cytochrome c, despite having
nearly identical structures.[12]
Despite the growing interest in understanding the interac-
tions between this large class of inorganic clusters and pro-
teins, little is known about the binding mode on a molecular
level, and especially regarding the effect of protein environ-
ment on the structure and reactivity of POMs. In a recent
study by Rompel et al. , it was shown that addition of A-type
Anderson–Evans polyoxotungstate [TeW6O24]
6 to cgAUS1 pro-
tein leads to formation of an unprecedented polyoxotungstate
cluster, [TeW6O24O2
[9a]]7, which is a result of covalent binding
of [TeW6O24]
6 to the protein.[13] The influence of a protein on
structural chemistry of POM was also demonstrated in our
recent example of the co-crystal structure of a complex
formed between the 1:1 ZrIV-substituted Keggin POM,
(Et2NH2)3[Zr(PW11O39)] , and HEWL.
[14] Interestingly, although the
dimeric 1:2 ZrIV-substituted Keggin POM,
(Et2NH2)10[Zr(PW11O39)2] , was added to the crystallization mix-
ture, the POM co-crystallized as the 1:1 species in a complex
with the protein. That study gave the first structural evidence
for the existence of the monomeric Keggin species, which was
previously proposed to exist in solutions only at very low
pH.[15]
While these two recent examples highlight the non-innocent
behaviour of protein environment on the chemistry of POMs,
this field has been virtually unexplored. While there have been
a number of studies that examine the effect of POMs on pro-
tein structure,[5,6,16] the question of how the protein environ-
ment influences the structure and speciation of POMs has
been much less understood. Therefore in this study we report
the reactivity of presumably catalytically inactive dimeric 1:2
HfIV-Wells–Dawson POM towards HEWL and demonstrate that
the presence of protein leads to formation of catalytically
active monomeric 1:1 HfIV-Wells–Dawson species, which was
previously assumed not to exist under physiological pH.[17] The
binding interactions could be investigated in detail through
single crystal X-ray crystallography structure of the non-cova-
lent complex formed between the catalytically active POM and
protein, and the effect of protein environment on POM’s dy-
namic equilibrium and stabilization was examined by means of
theoretical approaches.
Results and Discussion
HEWL hydrolysis by 1:2-type HfIV-substituted Wells–Dawson
POM (2)
The hydrolysis of HEWL was examined in the presence of HfIV-
substituted Wells–Dawson POM, which typically crystalizes in a
dimeric 1:2 form K16[Hf(a2-P2W17O61)2] (2), in which central Hf
IV
metal is sandwiched between two lacunary POM units
(Scheme 1). In aqueous solution 2 can be converted to the
monomeric complex 1 and the dimeric complex 3, depending
on pH, temperature, time and concentration.[17a] Single crystal
X-ray structures show that the HfIV ion in 2 is saturated with
two monolacunary a2-Wells–Dawson units, whereas the HfIV
ion in 1 and 3 has two or more coordinated water molecules
in the first coordination sphere, respectively (Scheme 1). It is
expected that monomeric complex 1 should display the high-
est catalytic activity among all Hf-POMs due to the accessibility
of Hf and several free coordination sites available for interac-
tion with substrate.[18] The distribution of these complexes in
aqueous solution can be conveniently monitored by 31P NMR
spectroscopy in acidic media since they are characterized by
specific 31P NMR resonances.
The 31P NMR spectra of 2.0 mm 2 at different pD values re-
corded after pD adjustment are shown in Figure S3. As can be
seen, at pD range 4.9–8.5 the only observable signals at 9.42
and 13.94 ppm are the sandwich complex 2,[12a] while at pD
4.1 a new set of resonances at 10.24 and 13.86 ppm, corre-
sponding to the monomeric complex 1 and a signal of [a-
P2W18O62]
6 at 12.92 ppm simultaneously appeared.[10a,17a] The
complete conversion of 2 into 1 and the saturated Wells–
Dawson POM [a-P2W18O62]
6 occurred in strongly acidic solu-
tions having pD 2.1. Similar tendency towards dimer/ mono-
mer conversion was also observed for ZrIV POMs.[10a,15] It is
worth mentioning that due to the fast exchange between the
monomeric and dimeric species in aqueous solution, the mon-
omeric form in mildly acidic media is only evidenced in the 31P
DOSY spectrum, but not in the 1D 31P NMR spectrum.
As the hydrolysis of HEWL was studied in acetate buffer at
pH 5.0 at 60 8C in the course of several days, the effect of time
on the POM species distribution in the buffered solution at
60 8C was further investigated. Solutions containing 2.0 mm 2
in 10 mm acetate buffer at pH 5.0 were kept at 60 8C and their
31P NMR spectra at different time increments are presented in
Figure S4. After 3 days at pH 5.0 and 60 8C, around 80% of 2
and 20% of the new dimeric species 3 was detected in solu-
tion, however no evidence for the existence of the monomeric
complex 1 was observed both in the absence or presence of
HEWL.
Figure 1 shows the SDS-PAGE image of HEWL and its frag-
mentation upon incubation with 2 for 70 h at pH 5.0 and
60 8C. The appearance of new bands with lower molecular
weight during the course of the reaction indicates that hydrol-
Scheme 1. Chemical structure of 1:1-type K6[Hf(a2-P2W17O61)] (1), 1:2-type
K16[Hf(a2-P2W17O61)2]·19H2O (2) and 2:2-type K14[{a2-P2W17O61Hf(m-
OH)(H2O)}2]·17H2O
[19] Wells–Dawson POMs.
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ysis of the HEWL occurred. In control experiments in which
2.0 mm HfCl4 or no POM were used under the same experi-
mental conditions, only the intact protein was observed (Fig-
ure S5), indicating that hydrolysis of HEWL did not occur.
The peptide fragments resulting from HEWL hydrolysis by 2
were identified by Edman degradation. The peptide fragments
separated on an SDS-PAGE gel were blotted to a PVDF mem-
brane and the NH2-terminal sequence of the individual Coo-
massie stained fragments was determined. Table S1 summariz-
es sequences detected, molecular mass of fragments both the-
oretical calculated and estimated from gel. The results unam-
biguously revealed that HEWL was hydrolyzed at the following
peptide bond positions: Asp18-Asn19, Asp48-Gly49, Thr51-
Asp52, Asp52-Tyr53, Asp66-Gly67, and Asp101-Gly102, result-
ing in fragments with molecular mass of around12.4, 8.6, 6.7,
and 5.2 kDa which are visible on the gel. The remaining two
lanes with molecular mass of around 10.9 and 4.0 kDa could
be a result of the cleavage of Asp18-Asn19 bond to give the
fragment from Asn19 to Asp119 and the cleavage of Asp87-
Ile88 bond giving fragments Gly49 to Asp87, Asp52 to Asp87,
or Tyr53 to Asp87 with molecular mass of approximately
4.0 kDa. Remarkably, all hydrolyzed peptide bonds were found
to be Asp-X or X-Asp type peptide bonds (Figure S6). This is
consistent with previous findings, which showed affinity of
ZrIV-substitutedpolyoxometalates towards hydrolysis of peptide
bonds involving Asp-residues.[10f,11b,12c] Due to the strong
chemical resemblance of ZrIV and HfIV, the similarity in selectivi-
ty between ZrIV and HfIV containing POMs is not surprising,
however this study gives the first direct evidence of a protein
hydrolysed by a HfIV-substituted POM and shows that similarly
to Zr-substituted POMs they also exhibit remarkable selectivity
towards hydrolysis of peptide bonds containing Asp residues.
Structure of the complex between Hf-POM and HEWL
Although HEWL was successfully hydrolysed in the presence of
2, the nature of the true catalytic species remains questionable
due to the tendency of this POM to dissociate in solution. The
31P NMR showed that the major species present in solution is
indeed complex 2, however due to the completely saturated
coordination environment of HfIV in this POM it is very unlikely
that complex 2 is the active catalyst. Complex 3, which is de-
tected in smaller amounts, has two HfIV ions which both have
one free coordination site available for interaction with the
substrate and therefore it might be more likely as an active
catalyst. However, based on the structure, the most active cat-
alyst is expected to be the monomeric complex 1 since HfIV in
this POM has multiple available sites for catalysis, however
31P NMR gave no evidence for the existence of this POM under
near-neutral pH conditions.
Therefore, we co-crystallized HEWL with 2 in equimolar
ratios at pH 6.5 and at 16 8C. The structure of the HEWL:HfIV–
POM complex was determined to a resolution of 1.52  with
Rwork and Rfree values of 16.03 and 18.86% respectively
(Figure 2, Table 1).
The overall fold of HEWL in the co-crystal is in good agree-
ment with other structures of HEWL, such as PDB ID 1LYZ[20]
(Ca RMSD=0.52 ) and the Zr
IV-substituted Keggin-containing
structure (PDB ID: 4XYY)[14] (Ca RMSD=0.31 , Figure S7). Inter-
estingly, the only HfIV substituted POM detected in the com-
plex with HEWL is the monomeric HfIV-substituted Wells–
Dawson (1) which resides in the void on top of the two-fold
crystallographic axis with a refined occupancy of 66%
(Figure 2).
This crystal structure is the direct proof of the hypothesis
that the presence of HEWL affects the equilibrium and favours
formation of monomeric and lacunary POM forms. Although 1
and lacunary anion are quite similar in size and shape the
latter is not observed in the crystal structure. This can be ex-
plained with the difference in water affinity of the two species.
A monolacunary Wells–Dawson anion has a net charge of 10,
while 1 has a net charge of 6. As both have similar size, this
implies higher charge density and thus higher hydrophilicity of
the lacunary species as compared to 1. Consequently, partial
desolvation of the lacunary anion, accompanying the protein
binding, is expected to be less favored. In addition, the incor-
Figure 1. SDS-PAGE gel of 0.02 mm HEWL hydrolyzed by 2.0 mm 1:2 Hf-WD
in acetate buffer at pH 5.0 and at 60 8C.
Figure 2. (A) Four HEWL molecules, depicted as cartoons in different colors,
are surrounding a 1:1 HfIV-substituted Wells–Dawson POM 1, which is situat-
ed at a crystallographic 2-fold axis in two different orientations each having
an occupancy factor of 33%. (B) One orientation of 1 in the 2FoFc electron
density map, contoured at 1.0 r.m.s.d,.
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porated HfIV atom may also play an important role in enhanc-
ing the binding properties of 1.[22] This is in accordance with
the previous findings, which have shown that the a2-lacunary
Wells–Dawson POM has reduced binding affinity towards HSA
in solution.[22]
The existence of 1 under nearly neutral pH conditions is sur-
prising, as this species has been observed in solution under
very acidic conditions through NMR experiments.[17a] The crys-
tallization of the monomeric HfIV-substituted POM has also
only been achieved at low pH (2m HCl) or by addition of l-
malic acid to not only work at low pH but also stabilize the
monomeric HfIV-substituted Wells–Dawson.[17b] Those crystal
structures of 1 are identical to the one found in the complex
with HEWL in this work.[17b]
The l-malic acid forms a complex with the monomeric
Wells–Dawson under highly acidic pH or at high temperatures,
but does not promote or assist in the dissociation of the
metal-substituted polyoxometalate at neutral pH.[17b]
On the contrary, formation and stabilization of 1 by HEWL
occurred at physiologic pH and room temperature, and there-
fore a different mechanism than pH-assisted dissociation, to
which we refer here as protein-assisted dissociation and stabili-
zation, must exist in solution.
The monomeric species 1 gets stabilized by interacting with
HEWL at three regions: region A that involves residues Asn44-
Asn46 (Figure 3A); region B in which residues Tyr20, Trp28,
Val29, Asn93 are implicated (Figure 3B); and region C that in-
volves residue Arg128 (Figure 3C). Although the HfIV-Wells–
Dawson POM is bigger than the ZrIV-Keggin-type POM (approx-
imately 920 3 for the Wells–Dawson compared to approxi-
mately 770 3 for the Keggin POM) binding in the same
pocket of HEWL, which has accessible volume of 1461 3, has
been observed.[14] Although the binding sites of the monomer-
ic Hf-Wells–Dawson and ZrIV-Keggin-type POM are similar,
some differences are still prominent as ZrIV-Keggin POM exhib-
its a smaller interaction surface, no direct interactions with
Asn93, and a different position for the substituted metal with
respect to HEWL.[14] Careful inspection of the three binding
sites detected in the non-covalent complex between HEWL
and 1 reveals a wide variety of binding interactions. In the first
region (Figure 3A), the oxygen atoms of the POM-ligand bind
the protein surface mediated by a thin water layer. The result
is a network of hydrogen bonds connecting the negative
POM-ligand with the heteroatoms of the side chains and pro-
tein backbone of Asn44, Arg45 and Asn46. Moreover, the HfIV
ion is directed towards the protein and is connected to the
protein backbone through a water-mediated hydrogen bond.
This is in contrast to the crystal structure of the 1:1 ZrIV-
Keggin/HEWL non-covalent complex, in which ZrIV is facing
away from HEWL. In the current crystal structure the HfIV ion in
1 is facing towards the Asn44-Asn46 site and binds to their
main chain atoms via a water molecule (Figure S8). The second
region (Figure 3B) displays similar water-mediated hydrogen
bond networks between the POM and several heteroatoms of
amino acid side chains and main chain. Moreover, in this
region direct hydrogen bonds between the hydroxyl oxygen of
Tyr20 and the POM-ligand and between the Asn93 side chain
Table 1. Data collection and refinement statistics for the co-crystal of
HEWL-1:1 Hf-substituted Wells–Dawson POM.
Parameter Value
PDB deposition code 5FHW
Space group P 43212
Unit cell dimensions () a=78.951
b=78.951
c=36.756
Resolution range () 39.48–1.52 (1.55–1.52)[a]
Rmerge (%) 12.0 (59.9)
[a]
<I/s> 17.3 (3.3)[a]
No. of unique reflections 18463 (883)[a]
Multiplicity 7.1 (7.3)[a]
Completeness (%) 100.0 (100.0)[a]
Rwork/Rfree
[b] (%) 16.03/18.86
RMSD from ideal
Bond lengths () 0.011
Bond angles (8) 1.969
Average isotropic B-factors (2)
Main chain 16.66
Side chain 19.76
1:1 HfIV-Wells -Dawson 13.10
Water molecules 26.51
Ramachandran plot [c] (%)
Residues in favoured regions 99.2
Outliers 0.00
[a] Values in parentheses are for the highest resolution shell. [b] Rfree is
calculated using a random 5% of data excluded from the refinement.
[c] Ramachandran analysis was carried out using Molprobity.[21]
Figure 3. Three binding sites between 1 and HEWL in the vicinity of region
(A) Asn44-Asn46, (B) Trp28-Val29 and (C) Arg128. Water molecules atoms are
depicted as red spheres. Hafnium is depicted as a cyan sphere, tungsten is
coloured blue, oxygen in red and phosphorous can be seen in orange. Hy-
drogen bonds are indicated with dashes.
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and the POM-ligand are also observed. The third interaction
site (Figure 3C) involves the direct electrostatic interaction of
the positively charged side chain of Arg128 with the negatively
charged POM–oxygen. As this interaction involves only one
residue and a very small contact surface of the POM–ligand, it
also might be the result of crystal packing.
All Asp residues at the cleaved peptide bonds are quite ac-
cessible on the surface and lie within or are bordered by posi-
tively charged regions. In the crystal structure, a monomeric
HfIV-Wells–Dawson is often observed in close proximity of
these Asp-residues. Asp18, 87 and 101 lie in a large positively
charged region to which 1 binds with a broad contact surface
of 134 2 (Figure 4A). The HfIV ion is directed towards Asp101,
whose carboxylic side chain is oriented towards the surface
and is therefore likely to take part in the subsequent hydrolysis
by coordinating the POM-bound HfIV-ion. The second region,
comprised of Asp48, 52 and 66 (Figure 4B), also consists of a
positive patch on the surface of HEWL to which a molecule of
1 is bound. Moreover, the HfIV-ion is directed towards the pro-
tein surface, which supports the hypothesis of the catalytic ac-
tivity of this metal towards peptide bond hydrolysis. At first
glance, these Asp residues do not seem fully accessible since
they are directed inwards, however they lie in flexible loops, as
can be seen from the slightly higher B-factors, which makes
them more prone to be accessed by POM. The final Asp-resi-
due, Asp119 (Figure 4C), also lies at the border of a positively
charged region. Its carboxylic side-chain is accessible to the
solvent, however it is more distanced from a bound POM 1
molecule compared to the other residues. Even though we are
not able to observe POM binding in direct proximity of this
residue, it is likely that hydrolysis of this peptide bond can be
promoted if the POM migrates in solution from its initial bind-
ing site or if it binds to this positive region after cleavage at
other sites has occurred.
While the monomeric HfIV-substituted Wells–Dawson POM
can be found bound in proximity to the Asp48-Gly49, Thr51-
Asp52 and Asp52-Tyr53 cleavage sites (Figure 5), no direct
binding of the POM to an aspartate can be seen in our struc-
tural model. However, considering the oxophilic nature of Hf
atom it is very likely that in the dynamic process of hydrolysis,
the carboxylic group of Asp can serve as a ligand to bring the
catalytic centre in the immediate vicinity of the scissile peptide
bond. For instance, the free energy gain due to coordination
of the terminal -COO group in dipeptides to ZrIV-POMs was
previously estimated with DFT methods to be 8–14 kcalmol1,
depending on the POM structure[10h,i] Such an anchoring is ex-
pected to facilitate coordination of a neighbouring
backbone amide oxygen atom to the Hf atom of the
POM, required for the electrophilic activation of the
peptide bond. In addition, the Asp-COO could assist
hydrolysis through a general-base mechanism by ab-
stracting a proton from the attacking solvent or
metal-bound water molecule on the amide carbon
atom. Similar mechanism was found as the most
likely for the ZrIV-POM-catalyzed hydrolysis of dipepti-
des with aliphatic side chains.[10i] Alternatively, Asp
carboxylic group could act as an intramolecular nu-
cleophile to directly attack a side chain amide
carbon atom with formation of a ring intermediate,
which is further hydrolysed. Theoretical investigation
aiming at elucidation of the molecular origins of
Asp-X/X-Asp selectivity of metal substituted POMs is
currently under progress in our lab.
The POM-protein interactions observed in this
work have a strong water-mediated character, which
is of high biological relevance because such water
layers have been observed in several biological inter-
actions.[23] The presence of water layer preserves the
structural integrity of the protein and regulates dy-
Figure 4. Overview of the three binding sites of 1 (POM-ligand shown as lines and HfIV as
a blue sphere) on the HEWL-surface. The protein is drawn as a pale-green cartoon and
the Asp-residues at which hydrolysis occurs are depicted as magenta sticks. The three
binding sites are near D18-D87-D101 (A), D48-D52-D66 (B) and D119 (C) respectively. All
Asp-residues are situated in or in the vicinity of positive patches on the surface, visual-
ized using the Pymol APBS plugin.
Figure 5.Water-mediated binding of the monomeric HfIV Wells–Dawson
POM to a positive region on the HEWL surface in the proximity of three
cleavage sites: Asp48-Gly49, Thr51-Asp52-Tyr53 and Asp66-Gly67. The elec-
trostatic map of the HEWL surface shows the strong positive nature of the
binding site (coloured dark blue), supporting the electrostatic character of
POM-protein interactions. The hydrogen-bonding network between the hy-
dration layer (waters shown as red spheres) and the targeted Asp48 is clear-
ly visible in the model and is depicted with black dashes. All targeted Asp-
residues are coloured purple and the other residues involved in cleavage are
coloured pink.
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namical properties of the backbone and side chains. Protein-
protein interactions often involve the similar principle of
water-mediated interactions, indicating the biomimetic behav-
iour of POMs. This hydration layer modulates binding by
shielding minor electrostatic repulsions and aides in the dis-
crimination of binding sites.[24] Dynamical processes depend
greatly on the presence of this water layer and in the case of
HEWL, certain dynamic fluctuations might be only possible
when the protein is sufficiently lubricated by water mole-
cules.[23]
Effect of the protein surface polarity on the stability of 1:2
metal-substituted POMs
To understand the factors governing protein-assisted dissocia-
tion of 2 and formation of hydrolytically active monomeric
POM 1, we have examined the dissociation of 1:2 HfIV-Wells–
Dawson and a series of 1:2 metal-substituted Keggin POMs by
means of theoretical methods. In 2006, Luong et al.[25] showed
that the dissociation of 1:2 CeIV-substituted Keggin POM to the
1:1 monomer in aqueous medium is an endergonic process re-
quiring approximately 28 kcalmol1. Our calculations showed
that in vacuum 1:2 MIV-POMs, with M being a Lewis-acid metal,
become highly unstable due to the Coulomb repulsion be-
tween the negatively charged POM ligands. In aqueous
medium, however, the POM charge is efficiently screened
(weakened) by bulk water, which reduces the inter-ligand re-
pulsion and stabilizes the 1:2 type structure. Upon binding to
a protein in solution, the 1:2 MIV-POM moves from a region of
high polarity, such as the bulk water, to regions of lower polari-
ty on the protein surface. We hypothesized that due to the
change in electrostatic nature between these two environ-
ments, the strength of the repulsive force between the POM li-
gands increases, which could trigger splitting of the parent
compounds into monomers.
The local dielectric constant of a protein is highly inhomoge-
neous and strongly dependent on the local chemical environ-
ment,[26] and therefore, it is very difficult to calculate it quanti-
tatively.[27] It has been shown that the dielectric constant can
vary from 2–4 in the protein center to about 80 in the aqueous
medium surrounding the protein.[28] A recent theoretical study
on a large set of proteins, however, showed that the dielectric
constant at the protein’s surface is relatively low, in the range
of 20–30.[29] The results were obtained by means of a new im-
plementation of a Gaussian-based approach, which delivers
smooth dielectric distribution throughout the protein and sur-
rounding water phase. To examine the dielectric distribution of
HEWL we made use of the same theoretical approach (and pa-
rameters) as described in Li et al.[29] The resulting distribution
of HEWL is depicted in Figure 6. In the protein-water boundary
region, the dielectric function rapidly increases from a low die-
lectric value inside the protein to er=80 in bulk water (Fig-
ure 6A) as at the van der Waals surface of the protein the er
values are mostly in the range of 20–50 (Figure 6B). It should
be noted that in terms of dielectric properties the POM bind-
ing sites on HEWL do not show any specific features to allow
them to be distinguished from the rest of the protein surface,
as evident from the example of Asn44-Asn46 binding site in
Figure 6.
To assess the influence of the dielectric properties of the
protein surface on the stability of 2, its free energy of dissocia-
tion was calculated in bulk water as well as in environments of
lower polarity by means of DFT and continuum solvent model.
Thus, in this approach the dielectric distribution at the protein
surface is represented in terms of a bulk dielectric constant.[30]
For the sake of comparison with the Wells–Dawson complex
and to check the importance of the metal substituent, a series
of 1:2 MIV-Keggin POMs were also examined. Even though 1 in
the crystal structure only contains one water molecule directly
bound to Hf, the calculations pointed out that in aqueous so-
lution most likely three water ligands are coordinated to HfIV. It
should be noted that the crystal structure of 1, which was ob-
tained at very low pH also contains three water molecules
bound to the Hf atom, whereas the l-malic acid co-crystal uses
the three oxygen atoms of malate to stabilize the Hf-atom.
The free energy for dissociation was calculated of 10.3, 27.5,
30.4 and 31.2 kcalmol1 for 1:2 HfIV-Wells–Dawson, 1:2 ZrIV-
Keggin, 1:2 HfIV-Keggin and 1:2 CeIV-Keggin, respectively. The
obtained results are in line with the experimental observations
and explain the absence of monomeric species in neutral
aqueous solutions of 1:2 MIV-POMs. The free energy require-
ment for dissociation depends primarily on the type of the
POM ligand while it is less sensitive to the nature of the metal
substituent. Indeed, it decreases by about 20 kcalmol1 in the
aqueous phase (and by more than 800 kcalmol1 in the gas-
phase) upon exchange of the Keggin with the Wells–Dawson
type ligand. This effect is most likely due to the higher nega-
tive charge of the Wells–Dawson POM (6) compared to the
Keggin one (3), which produces stronger inter-ligand repul-
sion in the 1:2 complex.
Next, the reaction free energy change was followed by grad-
ually decreasing the medium’s relative permittivity. As expect-
ed, a decrease of the reaction energy upon lowering the die-
lectric constant was obtained for all complexes (Figure 7A,
Table S2). Dissociation of the 1:2 HfIV-Wells–Dawson POM be-
comes thermodynamically favorable at er values of about 50,
while Keggin based 1:2 compounds require a significantly
Figure 6. Dielectric distribution of HEWL with the Asn44-Asn46 region encir-
cled in white. (A) A slice of dielectric distribution. The slice plane passes
through the binding site Asn44-Asn46. (B) Dielectric distribution mapped on
the VDW surface of the protein.
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lower dielectric constant of about 15 in order to dissociates
spontaneously. A further decrease of er (below 15) leads to a
rapid decrease of the relative energies and at er=4 the reac-
tions become highly exergonic. Such low values are, however,
more typical for the internal parts of the protein than for the
protein–water interface where the protein-POM binding takes
place. It should be noted that the computational results
shown in Figure 7A were obtained by using the same er value
for all reactants and products. As shown by the crystal struc-
tures,[14] the less hydrophilic 1:1 species remain bound to the
protein while the more hydrophilic monolacunary POM frag-
ments are unbound and most likely reside in the aqueous solu-
tion. By accounting for this in the calculations (by varying er
for all compounds except monolacunary POM, for which er was
fixed at 78.3) the dissociation of 1:2 complexes becomes spon-
taneous at 15 to 20 higherer values (Figure 7B, Table S3).
Therefore, our calculations strongly suggest that the observed
dissociation of the parent 1:2 MIV-POM most likely occurs in a
protein-bound state, triggered by the low dielectric response
at the protein surface.
The effect of dielectric constant on the stability of 2 in solu-
tion
An important finding that emerged from the theoretical calcu-
lations is that the dielectric constant of the medium plays a
key role in the dissociation of 2 and stabilization of monomeric
POM 1. To verify the theoretical predictions in Figure 7A the
splitting of 1:2 HfIV-Wells–Dawson was investigated by 31P NMR
in mixtures having different values of dielectric constant. This
was achieved by examining the speciation of 2 in mixtures
containing 80% of water and 20% of different organic solvent
(Figure 8) upon mixing and after incubation at 60 8C for 3 days.
While the solution containing 20% ethanol (er68) does not
induce dissociation of 2 into the monomeric form, incubation
of 2 in 20% acetone (er67) only results into the transition
into dimeric species 3, but does not result in formation of
monomeric form 1. Notably, in ethyl acetate–water mixture,
which had the lowest dielectric constant (er64), the parent
Figure 7. Dependence of the reaction free energy on the medium’s relative
permittivity obtained (A) using the same er value for all reactants and prod-
ucts and (B) using the same er value for all species except monolacunary
POM for which er was fixed at 78.4.
Figure 8. 31P NMR spectra of 2.0 mm solutions of 2 in the presence of 20% acetone (a, b), ethanol (c, d) or ethylacetate (e, f) at pH 5.0 and 60 8C.
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compound 2 was completely converted into the catalytically
active monomer 1 after 3 days at 60 8C. Although due to the
solubility issues, we were unable to explore larger range of sol-
utions with even lower dielectric constants. These results con-
firm that aquatic mediums with a lowered polarity favour the
dissociation of 1:2 type structures and thus support the hy-
pothesis that the decreased dielectric constant at the protein
surface is the basis for protein-assisted POM dissociation.
Conclusions
We have shown that the protein environment plays a crucial
role in assisting formation and stabilization of a catalytically
active, monomeric form of the HfIV-Wells–Dawson polyoxo-
metalate. This monomeric species has previously not been ob-
served under neutral pH conditions due to its tendency to
form catalytically inactive dimers. The protein-assisted dissocia-
tion of the dimeric form has been rationalized with the aid of
theoretical calculations, which showed that whilst the dissocia-
tion process is unfavorable in bulk water, it becomes favorable
in the protein–POM complex owing to the low dielectric re-
sponse at the protein surface. Once formed, the monomeric
form is stabilized by electrostatic and water-mediated hydro-
gen bonding interactions with the protein, as revealed by the
single crystal X-ray structure. The monomeric POM interacts
with HEWL at three distinct sites and exhibits high selectivity
towards the hydrolysis of Asp-X or X-Asp sequences in the pro-
tein. The activation and hydrolysis of six peptide bonds is pos-
sible due to the strong water-mediated biomimetic character
of the POM–HEWL interaction, which allows dynamic fluctua-
tions of the POM catalysts on the protein surface to occur.
Experimental Section
Materials
The 1:2 HfIV-Wells–Dawson POM, K16[Hf(a2-P2W17O61)2]·19H2O (2),
was synthesized as described in literature.[12a] All chemicals re-
quired for the synthesis of 2, the preparation of buffers and solu-
tions were purchased from commercial sources and are used with-
out purification. Hen egg white lysozyme (HEWL) was acquired
from Sigma Aldrich in the highest purification grade, and was used
without any further purification in both the hydrolysis experiment
and co-crystallization.
Hydrolysis experiments
Solutions containing HEWL (0.02 mm) and 2 (0.2 mm or 2.0 mm)
were prepared in 10.0 mm acetate buffer (pH 5.0). For control ex-
periments, the hydrolysis of 0.02 mm HEWL in the absence of 2 in
10.0 mm acetate buffer at pH 5.0 were also performed. Samples
were incubated at 60 8C and aliquots were taken at different time
increments and analyzed by SDS-PAGE.
Gel electrophoresis
SDS-PAGE was performed on a 5% (w/v) polyacrylamide gel in
3.0m Tris-HCl buffer (pH 8.45) stacking gel and an 18% (w/v) poly-
acrylamide in 3.0m Tris-HCl buffer (pH 8.45) resolving gel. Samples
(15 mL) were supplemented with 5 mL sample buffer and heated at
100 8C for 5 min, followed by loading 10 mL of the resulting solu-
tion on the gel. Page Ruler unstained protein ladder was used as a
molecular mass standard. An OmniPAGE electrophoretic cell was
combined with an EV243 power supply (both produced by Con-
sort, Turnhout, Belgium). Experiments were performed at 200 V for
1.5 h. Proteins in SDS-PAGE gels were visualized with silver staining
and an image of each gel was taken using a GelDoc EZ Imager
(Bio-Rad, Hercules, CA; Figure 1). The percentage of the fragment
bands compared to the total amount of protein in each lane was
determined using the Bio-Rad Image Lab software Version 3.0.
Edman degradation
SDS-PAGE gels were blotted onto a PVDF membrane and stained
with Coomassie blue (Figure S1). The bands were cut from the
membrane, destained with methanol, and rinsed with ultrapure
water. The bands were subjected to automated N-terminal amino
acid sequence analysis[31] (Procise 491 cLC protein sequencer, Ap-
plied Biosystems, Foster City, CA) based on the Edman degradation
reaction.
Co-crystallization
Co-crystals were grown with 2m sodium chloride, 0.1m potassium
phosphate monobasic, 0.1m sodium phosphate monobasic mono-
hydrate and 0.1m MES (pH 6.5) as precipitant. Sitting drops con-
taining 1 mL of HEWL (25 mgmL1=1.75 mm, dissolved in 10 mm
phosphate buffer, pH 7.4), 1 mL of 2 (1.45 mm, dissolved in 10 mm
phosphate buffer, pH 7.4) and 1 mL precipitant, were equilibrated
against a reservoir of 100 mL precipitant. Before the X-ray diffrac-
tion experiment, the crystals were flash frozen in liquid nitrogen,
using 20%m/V PEG 400 as cryoprotectant.
Structure determination
X-ray data were collected on a Pilatus 2m detector at the X60DA
beamline of the Swiss Light Source (SLS, Villigen, Switzerland),
using a wavelength of 1  and a cold nitrogen stream of 100 K.
The data was analyzed using XDS v. 13.4.0 June 17, 2015,[32] and
scaled and merged using Aimless v. 0.5.15.[33] As the POM induced
an anomalous signal, Friedel pairs were not merged. The phase
problem was solved using molecular replacement, using Phaser v.
2.6.0[34] with HEWL (PDB ID: 2VB1)[35] as phasing model. Structure
refinement was performed using Phenix.refine v.1.10[36] and COOT
v.0.8.2.[37] After a first round of refinement, the tungsten and hafni-
um atoms of 1 appeared very clear in both the 2mFo-DFc and the
mFo-DFc difference map. Due to the presence of Hf, 1 is not per-
fectly symmetrical (Figure S2) and could therefore be unambigu-
ously be fit into the electron density map (Figure 2B). The crystal-
lographic restraints file for 1 was manually generated based on the
geometry of 2 found in the Cambridge Structural Database[38] (ref-
erence code: XEQFEF).[12a] During further refinement cycles, potassi-
um ions and water molecules were added to the model when they
had reasonable electron density levels in the 2mFo-DFc and mFo-
DFc maps, B-factors below 80 
2 and within hydrogen-bonding dis-
tances to possible donors or acceptors. The occupancy of 1 and
water molecule 301 was coupled and refined until convergence at
33% for each symmetry partner. The final model was deposited on
the Protein Data Bank under accession code 5FHW.
Theoretical calculations
Geometry optimizations and frequency calculations of various
POMs were performed with the B3LYP[39] functional. For P, O and H
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atoms 6-31G(d,p) basis sets were used while W, Zr, Ce and Hf
atoms were described by means of LANL2DZ,[40] MWB28,[41]
MWB28[42] and MWB60[41] effective core potentials (ECPs)/basis sets,
respectively. To account for dispersion forces (missed in the pure
B3LYP method) Grimme’s atom-pairwise dispersion correction
(D3)[43] was applied. The effects of the aqueous solvent were in-
cluded in the geometry optimizations by means of the integral
equation formalism polarizable continuum model (IEF-PCM),[44]
using UFF atomic radii. To refine the electronic energies, single-
point (SP) B3LYP-D3 calculations were performed in gas-phase with
the def2-TZVP basis sets[45] combined with the abovementioned
Stuttgart-Dresden ECPs for the metals (for W atoms the MWB60
ECP was now used instead of LANL). Since def2-TZVP basis sets are
not available for lanthanides, for cerium the MWB28 basis set was
still in use. To assess the effect of the medium’s relative permittivity
on the reaction thermodynamics the solvation free energies of
both reactants and products were calculated in SP calculations,
using the same level of theory as for the geometry optimizations,
by gradually varying the dielectric constant (er) in the IEF-PCM
model from 78.3 to 4.0. A standard state of 1 molL1 was used for
all compounds except water molecules, for which 55.34 molL1
standard state was used instead.[46] All calculations were carried
out with the Gaussian 09 package.[47]
The free energy change of POM dissociation was calculated
according to the reaction
[MIV(POM)2]
(2q+4)+nH2O![MIV(POM)(H2O)n]q+ [monolacunary
POM](q+4), where for POM=Wells–Dawson, M=HfIV and q=6,
while for POM=Keggin, M=ZrIV, CeIV or HfIV and q=3. In order to
minimize the reaction free energy in the aqueous phase (er=78.3)
the number of MIV-bound water molecules, n, was varied from 1 to
4. In all cases, the lowest energy values (highest stabilization of
[MIV(POM)(H2O)n]
q in solution) were obtained when three water li-
gands were bound to the metal.
The dielectric distribution of HEWL was calculated with DelPhi 7.0
software package,[48] following the procedure described in the
work of Li et al. .[29]
31P NMR spectroscopy
To study the effect of pH on POM speciation, solutions containing
2.0 mm 2 was prepared in D2O and adjusted with DCl or NaOD to
achieve pD values of 2.1 up to 8.5 (based on pD=pH-value
+0.41).[49] 31P NMR spectra were recorded directly after mixing on a
Bruker Avance 400 spectrometer with 25% H3PO4 in H2O in an in-
ternal reference tube was used.
To study the effect of the buffer solution, temperature, time, and
the substrate (HEWL) on the stability of 2, the 31P NMR spectra of
solutions of 2.0 mm 2 in 10.0 mm acetate buffer at pH 5.0 (10%
D2O) in the absence or in the presence of 0.02 mm HEWL were re-
corded after mixing and after incubation at 60 8C for 3 days.
31P NMR spectra were recorded after different time increments on
a Bruker Avance 400 spectrometer with 25% H3PO4 in H2O in an in-
ternal reference tube was used.
To study the effect of a solvent with lower polarity than H2O on
the POM speciation, solutions containing 2.0 mm 2 in the presence
of 20% ethylacetate, ethanol or acetone in water (10% D2O) were
prepared and incubated at 60 8C for 3 days. 31P NMR spectra were
recorded after different time increments on a Bruker Avance 400
spectrometer with 25% H3PO4 in H2O in an internal reference tube
was used.
All spectra were analysed with the Bruker TopSpin (ver. 3.5pl7) soft-
ware.
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